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Abstract

:

Bayan Obo is a well-known polymetallic deposit containing significant quantities of rare earth elements, niobium, thorium, and iron. However, the epoch in which mineralization occurred and the mineralization process are still debated due to the complex nature of its mineralization and geological evolution. Inadequate geophysical exploration has further contributed to this lack of clarity surrounding critical issues, such as the deep link between the main orebody and the eastern orebody, the form and distribution of the extensive dolomite, and the geologic structures in the area. Therefore, we implemented the time-domain controlled-source electromagnetic method (CSEM) to acquire electrical structures at depths down to 2.5 km between the Main and Eastern mines. According to the inverted resistivity structure, in conjunction with existing geological and drilling data, we classified the main lithologies and faults based on their resistivity characteristics. Overall, the mineralized carbonatite reflects high to moderately high resistivity. The mineralized carbonatite dips overall from north to south, with a maximum extension depth not exceeding 1.5 km, and its range of occurrence is controlled by nearly east–west-striking faults distributed along the bounding line between the roof and floor rocks. The Main and Eastern mines are connected at depth, but the morphology and position of the ore bodies have significantly changed due to multiple phases of tectonic activity. The electrical structure does not reveal any obvious syncline structures, further refuting the traditional view that the Bayan syncline controls ore formation.
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1. Introduction


The Bayan Obo deposit, situated in Inner Mongolia, is renowned for hosting the largest deposit of light rare earth elements (REEs) and globally contributes to approximately one third of the world’s REE resources [1,2]. This site also possesses substantial reserves of niobium, scandium, iron, fluorine, phosphorus, thorium, and other minerals [3,4]. Furthermore, more than 180 mineral species, including 18 newly discovered minerals, have been identified in the Bayan Obo deposit [5,6].



The Bayan Obo deposit has undergone multiple phases of structural deformation, alteration, metasomatism, reactivation, and reprecipitation throughout its long geological history [7], resulting in extreme complexity. Despite decades of research and exploitation, many problems remain unresolved and controversial [8,9,10,11,12,13,14,15,16]. However, recent extensive geological, mineralogical petrologic, and geochemical evidence suggests that its formation is closely related to the genesis of mid-Proterozoic mantle-derived magmatic carbonatite [17,18,19,20,21]. The notion that igneous carbonatite acts as the parent rock for the mineralization of rare earth elements, niobium, and iron has become a widely accepted view among most scholars [17,18,22,23,24,25,26,27,28].



Compared to the extensive geological, geochemical, and geochronological surveys and research, geophysical exploration, especially detailed investigations at great depths in the Bayan Obo mining area, has not been widely carried out [29], resulting in an unclear understanding of the structures that reside deep underground in the entire mining area or specific localities [7,30,31]. In recent years, to investigate key elements such as deep ore bodies, dolomites, and structures, researchers at multiple domestic institutions have successively carried out a vast number of geophysical surveys, including gravity, magnetic, electromagnetic, ambient noise tomography, and controlled-source seismic surveys [32,33,34,35], in the Bayan Obo mining area. These efforts, utilizing different physical property parameters, have yielded structural characteristics within certain depths underground in the mining area and provided new insights into the strata, structures, and ore bodies from different perspectives, greatly advancing the research on the Bayan Obo deposit.



This manuscript is part of the aforementioned geophysical work, utilizing the time-domain controlled-source electromagnetic method (CSEM) to conduct exploration between the Main and the Eastern deposits. The aim of this study is to understand the electrical characteristics and spatial distribution of mineralized carbonatites and to further reveal the connection between the Main ore body and the Eastern ore body at depth.




2. Geologic Setting and Physical Characteristics


2.1. Geologic Setting


The Bayan Obo iron niobium rare earth deposit is located on the northern edge of the North China Craton, approximately 150 km north of the city of Baotou, Inner Mongolia. Its tectonic position is near the Paleozoic Central Asian Orogenic Belt (CAOB) [36,37]. It is hosted by sedimentary rocks of the Bayan Obo Group [38,39]. The Bayan Obo deposit, which occupies an area of approximately 48 km2, accounts for 70% of the world’s rare earth resources. Its formation is closely related to the long rift–magma evolutionary process and the resulting large-scale carbonate magma activity.



The Bayan Obo area primarily contains the Bayan Obo Group, with only sporadic exposure of the ancient Yu and early Proterozoic strata. The region northeast of the mining area predominantly contains post-Paleozoic strata. The Bayan Obo Group is further divided into 18 lithological formations, designated H1 to H18 from bottom to top, i.e., the Dulahala Formation (H1–H3), Jianshan Formation (H4–H5), Halahuoqite Formation (H6–H8), Bilute Formation (H9–H10), Baiyinbaolage Formation (H11–H13), and Hujiertu Formation (H14–H18). Within the mining area, the lower Bayan Obo Formation (H1–H9) forms the major strata, with dolomite H8 hosting the primary rare earth minerals in the form of fluorocarbons and phosphates (such as monazite). Dolomite H8 is exclusively found within the Bayan Obo mining area, extending for 16 km in a ribbon-like formation from east to west and covering nearly 3 km in width from north to south, and it trends southward [38,39,40,41,42]. From an east-to-west perspective, the mine can be divided into five sections: the Eastern contact zone, Eastern mine, Main mine, West mine, and North mine [29,43]. The primary mining area of the mine comprises the Eastern and Main mines.




2.2. Physical Characteristics


Distinguishing the electrical parameters of rocks is essential for electromagnetic exploration and serves as a critical foundation for inversion interpretation. The resistivity, polarizability, density, and susceptibility of more than 4000 rock samples, including drill core and surface samples, were tested [32,33,34]. The physical properties of the primary rocks were obtained, and the resistivity and polarizability results are shown in Table 1. These results demonstrate that magnetite has the lowest resistivity in the area, followed by slate, low-grade magnetite, sandstone, granite, and dolomite. Notably, the resistivity of dolomite is associated with the degree of pyritization, whereby a higher degree of mineralization corresponds to a lower resistivity [34]. The change in polarizability is relatively straightforward, with only higher-grade magnetite demonstrating higher polarizability compared to generally lower values in other rocks.





3. Data Acquisition and Inversion


3.1. Data Acquisition


The time-domain (TD) CSEM method was used to investigate subsurface profiles between the Main and Eastern mines. It utilizes a long grounded wire as the source to transmit a bipolar square-wave current and then observes the secondary induced electromagnetic field within a certain offset distance from the source [44,45,46,47,48]. It is common to observe the vertical induced voltage (Vz(t)) by loop coils or magnetic rods.



Figure 1 shows the layout of the survey line and source utilized for detection. The survey line extends 2.3 km along Highway 5 between the Main and Eastern mines in a north-to-south direction, with a measuring point distance of 50 m. The source for the CSEM is located close to the west side of the Main mine, with a length of 1910 m and a vertical distance of approximately 2180 m from the survey line. Multiple research boreholes with great depths have been drilled on both sides of Highway 5 and include the sites TK15-03-03 (1441.0 m), KY15-04-01 (1927.0 m), TK15-03-01 (1010.1 m), TK15-03-02 (829.0 m), TK15-03-04 (803.0 m), and KY15-03-01 (1762.75 m). The strata shown by these boreholes serve as crucial evidence for verifying and evaluating subsequent inversion results.



The instrument used in this study consisted of the Tx-40 transmitter, which was developed by the Institute of Geology and Geophysics, Chinese Academy of Sciences, Beijing, China [49], and the V8TM multifunction receiver produced by Phoenix Geophysics, Toronto, Canada. The Tx-40 transmitter had a maximum power output of 40 kW and a maximum current transmission capability of 50 A. A magnetic rods sensor with an effective receiving area of 10,000 m2 was used to measure the vertically induced voltage. The base frequency of the transmitting current was set to 2.5 Hz, with an observation delay time window ranging from 0.95 to 95 ms. Due to the high ground resistance in this area, the intensity of the transmitted current reached a maximum of only 30 A.




3.2. Raw Data


The Bayan Obo mining area experiences significant electromagnetic interference originating from various sources, such as electrified equipment, transmission lines, mining and transportation equipment, and wind turbines located outside the mining area. This high level of electromagnetic background noise adversely affects the observed data. Among the noise sources, the 10 kV power lines running through the middle of the survey line are the most noticeable, as shown in Figure 2a. The data from the neighboring measuring points are presented in Figure 3a. Obviously, the observed data are severely affected throughout the entire period. Fortunately, except for the interference area of the power line, no significant noise sources near the other measurement points are observed, as shown in Figure 2b. The measured signal shows only a slight degree of perturbation in the late time windows where the signal-to-noise ratio (SNR) is generally low (Figure 3b).




3.3. Data Processing


As previously mentioned, the observed signals are subject to interference, resulting in a low SNR. Thus, prior to inversion, denoising is necessary to ensure that the attenuation pattern of the signal conforms to the normal behavior of the secondary induced electromagnetic field. In this study, we used the wavelet threshold and singular value decomposition algorithm [50] to denoise the data from all observation points. As shown in Figure 4a,b, the multiple-channel curves before and after denoising show a substantial improvement in the attenuation pattern of the transient signal; thus, the obtained denoised data are suitable for further analysis and inversion.




3.4. Data Inversion


A one-dimensional (1D) inversion approach was used to process the data. The adaptive regularization inversion algorithm (ARIA) [51] was utilized for all sounding sites, with the same inversion settings. The main parameters included the minimum gradient model constraint, where both the vertical and horizontal constraint factors are set to 1, an initial model of a uniform half space with a resistivity of 100 Ω·m, a maximum model depth of 2740 m and division into 39 layers, a layer thickness increasing by a factor of 1.1 from the previous layer, and an inversion resistivity range of 0.1 to 10,000 Ω·m. After multiple tests, we believe that the fitting residual (RMS) no longer decreases when the number of iterations is greater than or equal to 14. Therefore, we set the number of iterations to 15. The RMS for all sounding sites after 15 iterations is shown in Figure 5.



We first conducted an analysis of inversion results obtained from measuring points located near two boreholes: KY15-04-01 and KY15-03-01. Specifically, we compared these results with the formation properties revealed by drilling. Figure 6 shows the inversion of sites 1000 and 1650, which are near the aforementioned boreholes. Our results indicated that the inversions at both positions exhibited the same trend of formation resistivity. At site 1000, the resistivity of the formation shifted from shallow and deep to low–high–low–high. This shift effectively corresponded with the distribution of slate–dolomite–slate strata that have been exposed by boreholes at depths of up to 2000 m. At site 1650, the resistivity shifted from low–high–low, but in comparison to site 1000, the shallow low-resistivity layer was thinner. This result was consistent with the drillings showing that the shallow part was dolomite; our conjecture was that the deep low resistivity was related to the wide Kuangou fault [30]. However, it should be noted that the situation with the slate is quite complex. Based on the existing geological information [7], there are many classifications of slate in the survey area, including carbonaceous slate, siliceous slate, micaceous slate, and mineralized slate. Actual tests have shown that their resistivity ranges vary greatly, with some presenting low resistivity (such as carbonaceous slate and mineralized slate), while others present medium to high resistivity (such as siliceous slate and micaceous slate) [34]. Therefore, the slate corresponding to the shallow and the deep parts should be of different types, which is why they exhibit different resistivity characteristics. Additionally, since dolomite, mineralized dolomite, and magnetite are all parent rocks of rare earth elements, we consider them as a whole, making them the target of our detection. Thus, the dolomite displayed in the borehole columnar section in the figure actually includes dolomite, mineralized dolomite, and magnetite. As a result, there is also a wide range of variability in their resistivity.





4. Discussion


The geological map presented in Figure 7 shows a significant change in strata from north to south in the Bayan Obo mining region, with the survey line intersecting nearly 11 sections with distinct lithologies. Additionally, except for the Quaternary strata, the dips of the remaining strata are very steep. This complex stratigraphic distribution causes significant challenges in data processing and interpretation via electromagnetic methods.



Based on the positional relationship between the measurement sites and the area in which the strata are distributed, the lithologies of anomalous strata with varying resistivity ranges in the profile can be inferred (Figure 8). The low resistivity values of the shallow surface in the survey area correspond mainly to slate and Quaternary sedimentary strata, and the resistivity of the deep rock gradually increases to form a relatively continuous high-resistivity zone with a horizontal upward trend. The southern end of the survey line is characterized by high resistivity, which indicates the presence of sandstone, whereas the central and northern segments of the line correspond to dolomite. The bands of low resistivity that are segmented by high-resistivity bands are attributed to the broken zones caused by the structure of the fractures. Faults F1–F5 are observed. Among these faults, F1 dips northward with a relatively shallow cutting depth and has previously been considered the southern flank of the Bayan Anticline [39]. F2–F5 dip southward, and the farther north the fault is, the greater the cutting depth, with F5 being the so-called Kuangou Fault [38].



The high-resistivity anomaly between elevations of 200 m and 1200 m is generally greater in the north and lower in the south, indicating that the dolomite dips southward, which is consistent with the existing understanding [32]. Therefore, the mineralized dolomite is located on the southern side of the Kuangou Fault (F5), and its outcrop range and attitude are mainly controlled by nearly east–west-striking faults on both sides. The results of this survey show that the depth of the southern extension of the mineralized dolomite should not exceed 1500 m. Moreover, according to the range and attitude of the mineralized dolomite in the detection results, we suggest that the main and eastern ore bodies were originally connected, but later, multiple tectonic activities caused them to shift and dislocate in situ.



At greater depths, the resistivities of the northern and southern sections of the survey line differ drastically. The deep part of the southern section is highly resistive; we surmise this part to be granite because the southern and eastern parts of the mining area are intruded by a large expanse of late Paleozoic granite. The overall low resistivity of the northern section of the survey line, combined with drilling results, leads us to speculate that they are primarily composed of slate and sandstone, which are situated below the Kuangou Fault (F5) and correspond to the Jiashan Formation that intrudes on the northern side of the mining area.



Based on the overall electrical structural characteristics of the profile, it is difficult to identify any obvious anticlinal folding structures. Overall, the mineralized dolomite presents a slab-like body dipping from north to south, controlled by nearly east–west-striking faults distributed along the top and bottom contacts with surrounding rocks. Although it is now widely believed that the Bayan Obo mineralized dolomite is a product of igneous carbonatite, many scholars are also pursuing magmatic channels for the upwelling of mantle-derived materials [32]. However, multiple phases of tectonic activity have significantly altered the shape, attitude, and position of the dolomite, and traces of the original magmatic activity have long since disappeared. The results of this survey also did not reveal any distinct magmatic channels, suggesting that the mineralized dolomite appears to “float” above the sandstone, slate (in the north), and granite (in the south).



Despite this, we must still recognize that the lithological variations in the Bayan Obo area are extremely complex, particularly in terms of lateral changes (as shown in Figure 7). Coupled with the complex effects of topography and intense noise interference, the pure one-dimensional inversion interpretation inherently has unavoidable limitations and errors. Subsequent efforts should integrate the lithology revealed by boreholes, resistivity test results, and topography, among other factors, to carry out three-dimensional forward modeling and analysis. Moreover, a suitable three-dimensional inversion algorithm should be employed to process the actual measurement data.




5. Conclusions


We conducted a time-domain CSEM survey in the region between the Bayan Obo main and eastern mines. By analyzing the inverted resistivity structure alongside geological and drilling data, our conclusions are as follows:



(1) In the Bayan Obo mining area, there is a relatively clear resistivity difference between the main rock types, and electromagnetic methods can be used to effectively delineate the distribution characteristics of subsurface rocks, with mineralized dolomite exhibiting overall high to moderately high resistivity.



(2) The mineralized dolomite overall dips from north to south, with a maximum extension depth not exceeding 1500 m, and its outcrop range is controlled by nearly east–west-striking faults distributed along the top and bottom contacts with surrounding rocks. The main and eastern ore bodies are connected at depth, but multiple phases of tectonic activity have significantly altered the morphology and position of the ore bodies. The electrical structure does not show any obvious anticlinal structures, further negating the traditional view of syncline control in ore formation in the Bayan Obo deposit.



(3) Although the mineralized dolomite is an igneous carbonatite related to magmatic activity, multiple phases of tectonic and granitic intrusion events have erased traces of the original magmatic activity, causing the dolomite to “float” above the sandstone, slate, and granite.
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Figure 1. Layout of the source and survey line. 
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Figure 2. Typical environment with point sources and noise in the measuring area. (a) Strong interference zone affected by 10 kV power lines; (b) weak interference zone without a significant noise source. 
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Figure 3. Measured curves of the time-domain CSEM (TDCSEM) sounding. (a) Typical signals observed in the strong interference zone; (b) typical signals observed in the weak interference zone. 
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Figure 4. (a) Raw and (b) postdenoising multiple-channel signal curves. The colors in the figure represent the strength of the response amplitude, decreasing in the order of red, yellow, green, to blue. 
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Figure 5. Distribution of RMS for each sounding site. 
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Figure 6. Comparison of inversion results with borehole lithology. (a) Site 1000, (b) site 1650. 
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Figure 7. Geological and structural map of the Bayan Obo ore deposit in the Main mine and Eastern mine. (a) Geological map, (b) geological cross-section BB’ in Figure (a). Note: 1—artificial accumulation; 2—flooding-caused alluvial gravel; 3—residual, calcareous breccia; 4—magnetite dolomite; 5—long British slate, silty slate; 6—potassium-rich slate, potassium-rich long British slate; 7—biotite schist, schist; 8—potassium-rich slate with sparite; 9—carbonaceous granite with metamorphic quartz sandstone; 10—quartzite with feldspar sandstone; 11—quartz sandstone; 12—biotite granite; 13—gray–green mudstone with conglomerate–sandstone; 14—long potassium-rich granite, inclined long granite; 15—gneissic diorite; 16—conglomerate; 17—iron ore body; 18—granitic porphyry vein; 19—carbonate vein; 20—diorite vein; 21—measured normal fault; 22—measured reverse fault; 23—illite zone; 24—measured geological boundary; 25—syncline axis; 26—isoheight; 27—road; 28—beveling intrusion line; 29—electromagnetic measuring point; 30—drilling. 
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Figure 8. Geological interpretation based on the inverted resistivity–elevation section. The circled numbers in the figure denote boreholes: ① TK15-03-03, ② KY15-04-01, ③ TK15-03-01, ④ TK15-03-02, ⑤ TK15-03-04, and ⑥ KY15-03-01. The triangles denote the sounding sites. 
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Table 1. Resistivity parameters of the main rock ores in the mining area.
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	Rock
	Average Resistivity (Ω·m)
	Average Polarizability (%)





	slate
	554.4
	1.6



	carbonaceous slate
	444.5
	7.0



	silicate
	476.8
	6.3



	quartz sandstone
	1155.6
	1.3



	monzonitic granite
	1576.7
	1.3



	granite
	1679.4
	1.3



	dolomite
	2048.0
	0.7



	magnetite-treated dolomite
	1612.6
	1.5



	low-grade, magnetite-grade
	906.7
	5.2



	medium-grade, magnetite
	26.6
	21.6
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